Abstract-The real-time application of acoustic radiation force impulse (ARFI) imaging requires both short acquisition times for a single ARFI image and repeated acquisition of these frames. Due to the high energy of pulses required to generate appreciable radiation force, however, repeated acquisitions could result in substantial transducer face and tissue heating. We describe and evaluate several novel beam sequencing schemes which, along with parallel-receive acquisition, are designed to reduce acquisition time and heating. These techniques reduce the total number of radiation force impulses needed to generate an image and minimize the time between successive impulses. We present qualitative and quantitative analyses of the trade-offs in image quality resulting from the acquisition schemes. Results indicate that these techniques yield a significant improvement in frame rate with only moderate decreases in image quality. Tissue and transducer face heating resulting from these schemes is assessed through finite element method modeling and thermocouple measurements. Results indicate that heating issues can be mitigated by employing ARFI acquisition sequences that utilize the highest track-to-excitation ratio possible.
I. Introduction s ignificant research has been performed on acoustic radiation force-based elasticity imaging as a means to investigate the mechanical properties of soft tissues [1] [2] [3] [4] [5] [6] [7] . Focused acoustic radiation force has been shown to displace soft tissue and subsequently generate shear waves traveling perpendicular to the direction of longitudinal wave propagation and away from the focus. The magnitude of this displacement is inversely proportional to the tissue's mechanical stiffness, whereas the phase velocity of the generated shear waves is reflective of the tissue's shear modulus [1] , [2] , [8] .
acoustic radiation force impulse (arFI) imaging is a radiation force-based elasticity imaging technique that tracks the dynamic response of tissue to a focused impulse of acoustic radiation force. real-time implementation of the technique has been hampered by 3 primary issues: data transfer/processing rates, frame acquisition time, and thermal safety [9] . as scanners' on-board processing capabilities continue to evolve, data transfer/processing rates should no longer impede arFI imaging's real-time implementation; further discussion of this topic is beyond the scope of this paper [10] . More fundamentally, frame acquisition time and thermal safety can be addressed by utilizing custom arFI imaging beam sequences.
assuming that a well-sampled (e.g., >80 lateral lines) field of view (FoV) is desired, a conventional arFI imaging sequence can take hundreds of milliseconds to acquire a single frame, limiting its real-time frame rate to just a few frames per second (fps). yet, to minimize geometric distortion of an image in the presence of physiologic motion, it is often necessary to reduce arFI frame acquisition time [11] . cardiac motion results in velocities in excess of 17 cm/s and accelerations in excess of 190 cm/s 2 during systole [12] , [13] . With this kind of motion, frame acquisition times would have to be considerably less than the hundreds of milliseconds offered by conventional arFI imaging to achieve consistent spatial registration within a single frame. although it might be difficult to implement arFI imaging during systole, this example highlights the need to decrease arFI frame acquisition time to mitigate motion effects present throughout the cardiac cycle and other physiologic processes [14] .
The use of long duration pulses to displace tissue in arFI imaging raises questions of thermal safety. Previous work has indicated that implementation of arFI imaging in a soft tissue environment with appropriate operating parameters can be thermally safe [15] , [16] . a single arFI excitation increases tissue temperature less than 0.04°c in the carotid artery and liver; yet, the 2-dimensional nature of arFI imaging requires multiple excitations [11] , [17] . When an image acquisition sequence, which generates a single frame, is then repeated for the purpose of real-time imaging, tissue temperature increases in excess of 4.5°c are possible at a mere 3 fps acquisition rate for an image consisting of 50 lateral lines [18] . In addition to internal tissue heating, transducer surface heating, or "face heating," must also be considered [19] . current International Electrotechnical commission (IEc) safety standards limit transducer surface temperature increases to 6°c for clinical applications [20] .
We investigated the advantages, including reduced heating and frame acquisition time, and disadvantages, notably diminished image quality, of 3 beam sequencing techniques: parallel-receive, multiplexed, and multi-time acquisition. Parallel-receive acquisition tracks multiple beam locations Image Quality, Tissue Heating, and Frame Rate Trade-offs in Acoustic Radiation Force Impulse Imaging simultaneously during the dynamic response from a single arFI excitation. Multiplexed acquisition transmits arFI excitations (and tracks the resulting dynamic responses) at multiple locations during the expected recovery time of the tissue. Multi-time acquisition tracks multiple locations successively during the dynamic response from a single arFI excitation. simulations and experimental measurements were utilized to assess the impact of heating in each sequence. Frame acquisition times were calculated based on the number of transmitted pulses and pulse repetition frequency (PrF) used for each sequence. a qualitative comparison of the image quality resulting from the different sequences in a tissue-mimicking phantom and excised bovine cardiac tissue is presented. a quantitative comparison of image quality resulting from these sequences was then conducted by calculating the contrast-to-noise ratio (cnr) of a lesion embedded in a tissue-mimicking phantom.
II. Background

A. ARFI Imaging
arFI imaging relies on displacement induced by acoustic radiation force. acoustic radiation force results from a transfer in momentum of the propagating acoustic wave to the target medium. When absorption is the predominant attenuation mechanism in the medium, which is generally the case in soft tissue, radiation force generated from an acoustic plane wave can be expressed as follows [21] [22] [23] :
where F is the acoustic radiation force, α is the absorption coefficient of the tissue, I is the time-averaged acoustic beam intensity, and c is the speed of sound in the medium. The spatial distribution of this radiation force is dependent on the focal configuration of the transducer and the spatial distribution of the medium's absorption coefficient. arFI imaging uses a local acoustic radiation force impulse and then tracks the resulting dynamic response with correlation-based methods. These tracking data are used to construct images depicting the following: displacement at a set time after force application, the maximum displacement achieved, the time needed to achieve maximum displacement, and the time required for the specimen to recover to its original position. These parameters have been shown to have an inverse relationship with tissue stiffness [8] . along with localized displacement within the region of ultrasonic beam propagation, an arFI excitation produces shear waves, which propagate in the direction transverse to the direction of longitudinal wave propagation. In the case of arFI imaging, shear wave propagation produces axial displacement at laterally adjacent regions outside of the excitation volume. Fig. 1 shows on-and off-axis displacement observed following an arFI excitation. note that the peak displacement for each tracked location occurs later in time as the location moves farther away from the axis of excitation, with the peak for the 3.9 mm offaxis location occurring latest. The time at which this peak occurs depends on the location's distance from the axis of excitation as well as the speed of shear wave propagation. In a linear, isotropic, elastic medium, the speed of these shear waves can be expressed as follows:
where μ is the shear modulus, E is the young's modulus, ν is the Poisson's ratio, and ρ is the density of the tissue. This relationship demonstrates that the shear wave velocity is proportional to the tissue's stiffness. a typical range for shear wave velocities in soft tissue is 1 to 5 m/s [24] . note in Fig. 1 that peak displacement diminishes as the track location moves farther away from the axis of excitation, resulting from geometric spreading of the wave and viscous losses in the propagation medium.
B. Conventional ARFI Imaging Acquisition
a conventional arFI imaging sequence interrogates 20-100 lateral locations to form a 2-dimensional image. For each lateral location, a "reference" pulse is transmitted to obtain a radio frequency (rF) echo line before the tissue is displaced. an arFI excitation, or "push(ing)," pulse of similar amplitude but of increased length (typically between 20 and 200 μs) is then transmitted at that location. "Tracking" pulses are then repeatedly transmitted at this location to obtain multiple rF echo lines during the tissue's dynamic response. The resulting displacements are calculated by implementing correlation-based delay estimation techniques between the tracking rF lines and the reference line. once the tissue has recovered from the initial arFI excitation, this sequence (i.e., reference pulse, push pulse, and tracking pulses) is repeated at adjacent beam locations until the desired FoV has been interrogated. a 2-dimensional arFI displacement image can then be generated for each tracking pulse, capturing the specimen's dynamic response resulting from an arFI excitation at a specific time. For display purposes, however, only the displacement image at a single time step is presented; the displayed time step is often chosen to occur near the estimated moment of peak tissue displacement. a conventional arFI sequence is diagrammed in Fig.  2(a) . In each beam sequence diagram, the horizontal axis represents lateral beam locations, whereas the vertical axis denotes the time step at which an event occurs. Time steps are defined as the number of pulse repetition intervals (PrIs) following the initial reference pulse. The 3 different arFI sequencing events-reference pulses, pushing pulses, and tracking pulses-are denoted by the letters r, P, and T, respectively. above each sequencing chart, receive-beam and transmit-beam locations are denoted by black bars and gray arrows, respectively; in the nonparallel cases, these locations can coincide.
The overall frame acquisition time in the conventional mode is dictated by 2 factors: the tissue's expected recovery time and the number of interrogated lateral locations. The time needed for the tissue to recover to its initial position (in the absence of physiologic motion) determines how long displacement is tracked at each lateral location. Following this expected recovery time, at least one additional tracking pulse is transmitted as an input to a motion filter, which is designed to reduce the effect of physiologic motion on the tracked arFI response. The time needed to acquire a full frame in the conventional mode is thus roughly equal to the product of this expected recovery time and the total number of interrogated lateral locations.
C. Alternative Acquisition Schemes
Three beam sequencing techniques were investigated in the present study: parallel-receive acquisition, multiplexed acquisition, and multi-time acquisition. Each can be em- ployed to reduce tissue/face heating and decrease frame acquisition time.
1) Parallel-Receive Acquisition:
Parallel-receive beamforming, or just "parallel," was first employed to increase b-mode frame rates in diagnostic ultrasound [25] . dahl et al. incorporated this beamforming technique into arFI imaging acquisition sequences [9] . They demonstrated that for each arFI excitation it was possible to simultaneously track multiple adjacent locations, reducing frame acquisition time and tissue/face heating; the track-to-excitation ratio (TEr), or number of receive-beam locations to transmit-beam locations, is n:1 for this scheme. With parallel-receive acquisition [see Fig. 2(c) ], the transmitted pulse (both for the arFI excitation and the reference/ tracking pulses) is centered among a cluster of n adjacent receive-beam locations, which are sampled simultaneously and define the tracking locations. due to hardware limitations, only 4 locations (i.e., n = 4) were tracked simultaneously for all parallel acquisitions employed in the current study. Parallel-receive acquisition relies on shear wave propagation in that displacement initially generated at the focus propagates to the outermost beam locations. For reference and tracking beams, it is important to use a high transmit F/# and a low receive F/# to obtain adequate transmit-beam amplitude for generating echoes at the outermost receive-beam locations and to ensure a narrow main lobe, respectively [9] .
2) Multiplexed Acquisition: Multiplexed acquisition is a new technique that tracks multiple locations in the same amount of time needed to track just one location in the conventional scheme. The dynamic response resulting from an arFI excitation in soft tissue generally follows a profile similar to the one depicted in Fig. 3 . In the first portion of the response, just following the arFI excitation, the tissue continues to displace away from the transducer, due to inertia, until a maximum displacement is achieved. This typically takes less than 1 ms, depending on intrinsic material properties and the width of the pushing beam [8] . Following the tissue's attainment of its maximum displacement (denoted with the circle), it typically takes 2-4 ms to recover to its approximate pre-excitation position (denoted with the "x") in the absence of physiologic motion. any residual displacement following the expected recovery time is used as input to a motion filter, which attempts to reduce the effect of physiologic motion on displacement tracking [26] . In the conventional scheme, the entire dynamic response from maximum displacement to recovery is tracked. In our experience, there exists little diagnostic information in tissue's exact recovery profile as it can be influenced by shear wave reflections resulting from nearby material boundaries [8] . The multiplexing technique, depicted in Fig. 2(b) , focuses on the 2 most important elements of the response curve: the beginning, which captures the maximum displacement, and the tail end, which is needed as an input for the motion filter. The sequence starts out similar to conventional tracking, with a reference and push pulse fired at the initial location, but the resulting dynamic response at that location is tracked only until the time of expected maximum displacement. This sequence is then translated to a new lateral location, typically a distance of half the FoV's lateral extent. after the response is tracked at the new location until the expected time of maximum displacement, a tracking pulse is transmitted at the first location to obtain input for the motion filter. This process is then repeated until the entire FoV is interrogated and results in an approximate 2-fold reduction in the overall frame acquisition time over the conventional scheme. More aggressive reductions (i.e., if multiplexing is performed between n zones in the FoV, resulting in an n-fold reduction) are possible but were not implemented in this study.
3) Multi-Time Acquisition:
Multi-time acquisition, also a new technique, takes advantage of the slow evolution of tissue's dynamic response profile (Fig. 3 ). In Fig. 2(d) , multi-time acquisition is depicted in conjunction with parallel acquisition. Instead of tracking a single location (or 4 adjacent locations, in the parallel-receive case) throughout the dynamic response, tracking alternates between 2 adjacent tracking locations, both flanking the excitation beam location. In the context of this study, this technique was always employed in conjunction with parallel-receive beamforming, and tracking alternated between two 4-beam clusters (e.g., T [1:4] and T [5:8] , where the letter indicates the type of pulse and the values inside the brackets indicate the range of beam locations, when separated by a colon, or specific beam locations, when separated by a comma). With the outermost beams (T [1, 2, 7, 8] ) likely outside of the full-width half-maximum beamwidth of the arFI excitation, this technique relies on shear wave propagation to achieve uniform displacement at the outer beam locations. It achieves an approximate 2-fold reduction in overall frame acquisition time when compared with the parallel-receive scheme alone. When combined with the parallel technique, this acquisition scheme achieves a 2n-fold reduction over the conventional scheme and a TEr of 2n:1 (again, for all experiments presented herein, n = 4). Because this technique alternates between 2 track locations (or clusters of locations), they will always be offset in time by one PrI. In the case of the example in Fig. 2(d) , this means that beams T [1:4] will be sampled at even time steps while beams T [5:8] will be sampled at odd time steps. In an effort to eliminate this temporal offset, the displacement-versus-time profile for each lateral location was cubic spline interpolated through time, estimating displacement at all locations at a common time step.
4) Hybrid Acquisitions:
It is possible to combine any or all of the previously detailed acquisition techniques. The inclusion of parallel-receive acquisition in the multi-time scheme has been explained. It is also possible to combine multiplexed acquisition with multi-time or parallel-receive acquisition. The multiplexed parallel scheme has a beam sequencing chart similar to that of multiplexed acquisition alone [ Fig 
D. Thermal Effects
With the absorption of acoustic energy that results in radiation force, heat generation in dissipative media also occurs. This associated temperature increase can be estimated with the linear bio-heat transfer equation [18] , [27] :
where  T is the rate of temperature change, κ is the thermal diffusivity, T is the temperature, τ is the perfusion time constant, q v is the rate of heat production per unit volume (or heat source function), and c v is the volume specific heat. due to the impulsive nature of arFI imaging, heat generation is of short duration, and perfusion effects can generally be ignored during an arFI frame, simplifying (3) to [18] 
where thermal diffusivity κ and volume specific heat c v are material-dependent constants. The heat source function q v , resulting from a continuous, linearly traveling plane wave, can be expressed as [28] 
where α is the absorption coefficient of the tissue and I is the time-averaged acoustic beam intensity. The spatial distribution of the heat source function is dependent on the focal configuration of the transducer and the spatial distribution of the medium's absorption coefficient.
III. Methods
Imaging performance was evaluated in a tissue-mimicking phantom and an ex vivo specimen through empirical methods, whereas thermal concerns were assessed through empirical (for face heating) and simulation-based (for tissue heating) techniques. all experiments and simulations were implemented on or modeled after a sonolInE antares scanner using either a VF7-3 or a VF10-5 commercial linear array (siemens Medical systems, Ultrasound Group, Issaquah, Wa).
A. Imaging Performance Evaluation 1) Tissue-Mimicking Phantom:
The transducer was fixed above a custom-made tissue-mimicking phantom (cIrs, norfolk, Va) with an ultrasonic attenuation of 0.7 dB/cm/MHz and a speed of sound of 1540 m/s. The transducer was positioned so that a 3-mm-diameter, spherical lesion embedded in the phantom was aligned in the transducer's axial and elevational foci. The young's moduli of the phantom's background and lesion are 4 kPa and 58 kPa, respectively. For the qualitative studies, all 6 (conventional, multiplexed, parallel, multiplexed parallel, multi-time parallel, and MMP) arFI acquisition sequences were acquired. specific transmit parameters are listed in Table I (Experiment #1) . In all experimental cases, the transmit and receive F/#s for reference and tracking pulses were 2.0 and 0.5, respectively. Transmit F/#s for arFI excitation pulses, or "push F/#s," are listed in Table I for each experiment. The PrF was kept at 9 kHz for all pulses.
In the case of the quantitative cnr analysis, only the non-multiplexed sequences (conventional, parallel, and multi-time parallel) were thoroughly evaluated. although a preliminary analysis of the multiplexed schemes was performed, the results showed large artifacts dependent on beam spacing. Propagation of shear waves between beam locations generated these effects; this phenomenon is addressed in more detail in the discussion section. For the non-multiplexed schemes, 2 regions, one encompassing the approximate lesion area and one outside the lesion, of equal area and at the same depth were chosen inside the test phantom. cnr was calculated using
where D i and D o are the mean displacements in the aforementioned regions inside and outside of the lesion, respectively, and σ i and σ o are displacement standard deviations of these inside and outside regions, respectively. For each sequence, acquisitions were performed at 3 different transmit powers and 3 different push F/#s (1.0, 1.5, and 2.0) for a total of 27 different acquisition combinations. The transducer was then rotated approximately 30° about the lesion axis twice, to get 3 independent acquisitions for each combination (for a total of 81 acquisitions). The specific transmit parameters used in this experiment are listed in Table I (Experiment #2) .
2) Ex Vivo Specimen:
The procedure implemented on the ex vivo specimen was similar to that outlined above for the phantom study. a portion of the left ventricle from bovine cardiac tissue was used in the ex vivo study. a steerocath ablation probe (Boston scientific, natick, Ma) connected to a cardiac Pathways (sunnyvale, ca) rF device was then used to ablate a spot in the center of the ventricular septum; a cross section of this lesion is shown in Fig. 4 . arFI imaging transmit parameters used for this experiment are listed in Table I (Experiment #3).
B. Thermal Evaluation
Tissue and transducer face heating resulting from arFI excitations was quantified through empirical and simulation-based methods.
1) Tissue
Heating: as direct tissue heating measurements are often difficult to obtain due to poor snr resulting from inexact placement of the thermocouple, we chose to simulate the resulting thermal distribution in the specimen through finite element method (FEM) modeling. For a more detailed description of this procedure, the reader is referred to Palmeri et al. [18] . Thermal simulations modeled the transmit parameters listed in Table I (Experiment #4). FIEld II, a linear acoustics modeling software package, was first used to model the acoustic intensity field generated at the focus of simulated cardiac tissue from a single excitation [29] . The cardiac tissue was simulated to have an absorption coefficient of 0.52 dB/ cm/MHz, a density of 1.06 g/cm 3 , a specific heat of 3.72 kJ/kg/°c, and a thermal diffusivity of 1.42 × 10 7 m 2 /s. The peak of this intensity field was then scaled to the empirically determined value obtained in the phantomsubstitution technique outlined by Palmeri et al. [30] . This scaled intensity distribution was used to calculate an initial temperature distribution, as predicted by (5) . This initial temperature distribution was then assigned to a 614,792-element mesh (15 mm × 50 mm × 20 mm); quarter-symmetry was assumed to reduce computational overhead. ls-dyna3d (livermore software Technology corporation, livermore, ca) was used to solve for the cooling profile through time. If linearity was assumed, it was then possible to use superposition with the solution of a single excitation to construct solutions of multiple excitations (required to generate one complete frame) and multiple acquisitions (resulting from consecutive frame acquisitions).
2) Transducer Surface Heating: at the face of the transducer, the temperature is more evenly distributed over a larger area than at the focus, allowing for repeatable empirical measurements. Face heating measurements were conducted in accordance with the guidelines set forth by the IEc [16] , [20] . The tissue-mimicking phantom (in one trial, bovine liver was used instead) was placed in a water bath, which was held at a constant temperature of 33°c; the water level was kept just below the surface of the phantom. The transducer was then fixed in place with a ringstand, so that the face of the transducer was kept flush with the phantom surface and just above the surrounding water level; silicon gel was used to ensure adequate trans- ducer-phantom coupling. a type-T thermocouple was placed at the approximate lateral and elevational center of the transducer-phantom interface. Through a test arFI sequence, the thermocouple tip position was then adjusted until a peak temperature reading was observed. an MMP arFI sequence was transmitted with the transmit parameters listed in Table I (Experiment #5). This sequence was repeatedly transmitted at 2 different frame rates (2 and 5 fps) for 3 total acquisition times (2, 4, and 8 s).
IV. results
A. Tissue-Mimicking Phantom 1) Qualitative Analysis:
Images generated from the 6 acquisition schemes are presented in Fig. 5 . all 6 figures display the arFI image resulting from the same time step (0.44 ms after the initiation of the excitation) and are of the same region of the phantom, which contained two 3-mm-diameter, spherical lesions centered at approximately 17 and 23 mm depths. overall, the 6 images appear quite similar to one another. at the focus, there is very little difference between the multiplexed and non-multiplexed arFI images in matched pairs [(a) and (b), (c) and (d), and (e) and (f)]. Between these 3 pairs, however, the displacement at the focus decreases slightly as the number of arFI excitations decreases, with (a) and (b) (80 excitations) having the greatest, and (e) and (f) (20 excitations) having the least, displacement at the focus. In the near field, there is a band of greater displacement, from about 12 to 15 mm in the axial dimension, for the non-multiplexed cases. There does not appear to be any appreciable difference in the far field of any of the images. In the multi-time cases [(e) and (f)], there is vertical banding in the displacement profile at the focus. This banding is also noticeable in the near field of the MMP case (f). Table II lists the times taken to acquire each of the images presented in Fig. 5 . The scheme letters listed in the table correspond to those listed in the figure. The reduction factor denotes the reduction in acquisition time for each scheme when compared with the conventional scheme. similar acquisition times were achieved for the ex vivo experiment.
2) Quantitative Analysis:
The cnr of the shallow lesion (centered at approximately 17 mm in Fig. 5 ) in the tissue-mimicking phantom was calculated through the period of displacement recovery for different acquisition schemes, which utilized different push F/#s and powers. changes in transmit power did not significantly alter the cnr profiles of any of the acquisition schemes. differences in push F/#, on the other hand, resulted in significant changes in the cnr profiles and invoked relative changes between the 3 acquisition schemes. Fig. 6 at the lowest push F/#, s o 2 is highest for the conventional scheme; this relationship shifts as push F/# increases, with the multi-time parallel scheme claiming the highest variance, and the other 2 schemes, the lowest. In Fig. 7, 3 plots are shown with 3 cnr profiles, one profile for each acquisition sequence. a few trends can be observed in these plots. First, at the lowest push F/#, both the parallel and multi-time parallel schemes tend to outperform (i.e., achieve a higher cnr value) the conventional scheme. as the push F/# is increased, however, the conventional scheme's performance improves relative to the other 2 schemes, to the point where it outperforms the multi-time parallel scheme for both higher push F/#s and, on average, outperforms the parallel scheme when the push F/# is equal to 2.0. a second important trend to note is that the time needed to reach the peak cnr value depends on the acquisition scheme and push F/#.
The cnr-vs.-time behavior of the multiplexed schemes was also analyzed. These plots, however, proved to be highly dependent on the relative distance and timing between arFI excitation pulses. This phenomenon and its implications are addressed in the discussion section. Given that the multiplexed scheme becomes its corresponding non-multiplexed scheme (e.g., multiplexed parallel becomes parallel) when the number of track pulses per a lateral location is doubled, cnr analysis was limited to the non-multiplexed cases. Table III summarizes the peak displacements achieved for 3 acquisition schemes at 3 different push F/#s in regions inside and outside of the phantom lesion. note that displacements are given in microns [with an average (N = 3) and one standard deviation presented for each] while values in the top row of the table indicate the push F/# employed. Inside the lesion, there is little difference in displacement between acquisition schemes whereas an inverse relationship between displacement and push F/# is observed. These peak displacement values occurred approximately 1.5 ms after the initiation of the arFI excitation. outside of the lesion, a similar inverse relationship to push F/# exists, but peak displacement also has an inverse relationship with the TEr of the acquisition scheme, with the conventional scheme (1:1 TEr) generating the greatest displacement and the multi-time scheme (8:1 TEr) generating the least displacement. These peak displacement values occurred within 0.5 ms of the initiation of the arFI excitation. Table IV details the time taken following the initiation of an arFI excitation for the cnr to reach its peak value. For the most part, times tend to show an inverse relationship with push F/# and a direct relationship to the TEr of the acquisition sequence, with the conventional scheme (1:1 TEr) having the lowest times and the multi-time parallel scheme (8:1 TEr) having the highest times.
B. Ex Vivo Specimen
In Fig. 8 , a comparison of arFI images of an ablation site in excised bovine cardiac tissue is presented for different acquisition schemes. all 6 figures display the arFI image resulting from the same time step (0.44 ms after the initiation of the excitation) and capture the same region in the excised specimen. a cross-sectional picture of the ablation site is presented in Fig. 4 . The centered blue area of each image indicates a stiffer region resulting from ablated tissue whereas the flanking red areas of each image indicate more compliant, non-ablated tissue. The proximal surface of the specimen occurs at an approximate depth of 5 mm; the noise in the near field is due to decorrelation resulting from acoustic streaming of the water bath, which was used as a standoff between the transducer and the sample surface. as in the preceding phantom comparison, there is little apparent difference between multiplexed and non-multiplexed pairs (i.e., between (a) and (b), and so forth). yet, similar to the previous comparison, there is a slight decrease in displacement as the number of arFI excitations decreases. This is particularly noticeable in the right-hand region of greater compliancy, which shows greater displacement (i.e., going from orange to red) as the number of excitations increases.
C. Tissue Heating
Tissue heating was investigated through FEM modeling. In Fig. 9(a) , tissue heating was simulated for all 6 acquisition schemes operating at 2 fps for 8 s. note that only the peak temperature following each frame acquisition is plotted. Between multiplexed and non-multiplexed pairs, peak temperature values occurred slightly earlier for multiplexed sequences. For the 1:1 and 4:1 TEr schemes, the multiplexed sequences resulted in greater tissue heating at the onset of the 8 s acquisition period, with the multiplexed and multiplexed-parallel sequences generating 17.1% and 4.3% more heat, respectively, after the first frame than their paired non-multiplexed sequences. The difference between pairs became insignificant later in the acquisition period, whereas no such difference was ever observed with the 8:1 TEr schemes. additionally, with the lower (1:1 and 4:1) TEr schemes, peak tissue heating occurred in the near field during the first portion of the acquisition period and transitioned to the focus later in the period; with the multi-time schemes (8:1 TEr), peak heating occurred at the focus throughout the acquisition period. There were sustained differences throughout the acquisition period, however, in peak heating between sequences of varying TEr. after the 8 s acquisition period, the peak temperature for the 1:1 TEr cases (conventional and multiplexed) was 1.53°c, for the 4:1 cases (parallel and multiplexed parallel) 0.41°c, and for the 8:1 cases (multi-time parallel and MMP) 0.25°c.
In Fig. 9(b) , tissue focus heating was simulated for the MMP acquisition scheme for 5 different frame rates. The plotted symbols denote the peak temperature at the focus following each frame acquisition. The peak temperature increases following an 8 s acquisition period were 0.25, 0.54, 1.03, 2.02, and 3.01°c for 2, 5, 10, 20, and 30 fps, respectively. Fig. 10 depicts the transducer face heating resulting from the MMP acquisition sequence. Following an 8 s acquisition period, face heating temperature increases measured 2.0°c and 5.2°c for 2 fps and 5 fps, respectively. The standard deviation of the measurements was small. additionally, there is excellent agreement among all data sets of the same frame rate, independent of sequence acquisition period (2, 4, or 8 s) or transmission medium (tissue-mimicking phantom or liver). The 2-fps sequence TaBlE III approached a steady state response following the 8 s acquisition period, whereas the 5-fps sequence increased without a definite bound.
D. Transducer Surface Heating
V. discussion
A. Image Quality Evaluation
Parallel-receive, multiplexed, and multi-time acquisition techniques are able to reduce frame acquisition time and heating with only negligible effects on image quality. our results for parallel-receive acquisition corroborate earlier findings by dahl et al. [9] . yet, despite comparable imaging performance between these acquisition schemes, subtle differences between matched phantom images ( Fig.  5) can be seen. Perhaps most obvious is the slight decrease in displacement at the focus as the TEr increases with different sequences. This relationship is also reflected in Table III (b). In the conventional and multiplexed schemes (with 1:1 TErs), displacement at the focus is slightly greater when compared with the parallel (4:1 TErs) and multi-time (8:1 TErs) schemes. This is particularly noticeable at the innermost, lateral border of the proximal lesion in Fig. 5 and the right-hand region of greater compliancy in Fig. 8 . also apparent is the vertical banding that is present in the displacement of the parallel and multi-time schemes [ Fig. 5(c)-(f) ]. This decrease in displacement and banding is due to these schemes' reliance on shear wave propagation to generate displacement at the flanking track locations. after the arFI excitation, the region of initial excitation continues to displace as a result of inertia whereas lateral locations displace as a result of shear wave propagation. shear wave attenuation and geometric spreading will result in less displacement at flanking beam locations whereas a track beam's distance from the excitation region will help dictate when peak displacement occurs at that location (as evidenced by Fig.  1 ). When a "snapshot" of this dynamic process is taken, the spatial and temporal dependence of peak displacement will manifest itself as banding. as noted by dahl et al. [9] , this banding is particularly noticeable earlier in time, when shear waves have not propagated sufficiently. our displacement data from earlier time steps corroborate this result.
a decrease in displacement with increasing TEr, however, is not seen in the lesion. In Table III(a), peak displacement depends on push F/# but does not depend on the acquisition scheme used. as predicted by continuum mechanics, displacement induced in the more compliant background material shallow and deep to the lesion results in bulk displacement of the much stiffer inclusion, which likely accounts for the lesion displacement observed early in time (<0.5 ms) and is not necessarily indicative of the lesion's stiffness. The fact that the displacement peak inside the lesion occurs much later than the displacement peak outside of the lesion (>1.5 ms compared with <0.5 ms) indicates that this displacement peak, resulting from the continued movement of the lesion, is dominated by inertial effects and by shear wave interaction. according to Palmeri et al., the peak displacement that one tracks within a lesion is produced by shear wave reflections generated at the lesion's boundaries [8] . since the peak displacement within the lesion results from inertially dictated bulk motion and reflected shear waves, the positions of the tracked beams relative to the excitation region, assuming both are within the lesion, is not particularly important, as the entire lesion will experience a similar peak displacement. The decrease in displacement with increasing push F/# observed in all cases is due to the decrease in elements (and thus transmit power) utilized in a transmit aperture with increasing F/#. also present in the phantom images is a band of greater displacement just shallow to the proximal lesion in nonmultiplexed cases. This subtle disparity between multiplexed and non-multiplexed acquisition schemes reflects an important issue regarding shear wave propagation. The role that shear waves play and the artifacts they cause became apparent during the preliminary investigation of multiplexed acquisition for the cnr analysis. Eq. (2) predicts a shear wave velocity through the phantom's background of 1.2 m/s. Given the relative proximity of successive arFI excitations, which are often just over half a centimeter apart, it takes a few milliseconds for the leading edge of a displaced volume (defined by the excitation region) to reach an adjacent push location through shear wave propagation. Thus, careful attention must be paid to the temporal and spatial layout of successive pushing pulses. If the spacing is coincident with shear wave speed, a shear wave from an adjacent push can affect the dynamic response at another location. additionally, if a passing shear wave induces displacement while a reference pulse is acquired, an artifactual negative displacement will result at that location once the specimen recovers. Previous simulation results indicate that the position of a lesion's boundaries in an arFI image can be affected by shear wave dynamics [30] . despite the differences in shear wave dynamics between the acquisition schemes, there were no apparent differences in the lesion outlines among any of the schemes for the time step presented in Fig. 5 .
although it is impossible to definitively identify the presence of a shear wave-induced artifact in a poorly characterized (e.g., in vivo as opposed to phantom) imaging environment, care can be taken to avoid such an artifact when a multiplexed sequence is used. If an approximate shear wave velocity and/or attenuation are known a priori for a given tissue environment, the timing and spacing of successive pushing pulses can be chosen accordingly in an attempt to mitigate, or avoid entirely, interference. additionally, one could employ an adaptive method, in which a pilot shear wave imaging sequence is first acquired for the purpose of better estimating the tissue's shear wave parameters (velocity and attenuation). Based on these estimates, pushing pulse timing and spacing could then be adaptively adjusted.
The cnr analysis yields 2 important results. First, as indicated in Table IV , the time necessary to reach a peak cnr increases as the TEr of the sequence increases. This result agrees with a similar result by dahl et al. and is due in large part to the additional time required for shear waves to propagate to the outermost track locations of these sequences [9] . There is an inverse relationship between the time to peak cnr and the push F/#, likely a result of the broader excitation region generated with a larger F/#. This broader region consequently takes less time to propagate as a shear wave to the outer track locations. This additional delay for parallel and multi-time schemes would increase acquisition time.
a second result from the cnr analysis is that the performance of each acquisition sequence depends on the push F/#. as the push F/# increases, performance gradually improves for acquisition sequences with lower TErs, with the conventional scheme on average overtaking both the parallel and multi-time parallel schemes when the push F/# is 2.0. according to (6) , cnr values depend on both the magnitude and the variance of the displacement inside and outside of a lesion. as indicated in Table IV , a lower TEr results in greater displacement, independent of the push F/#. Thus, one would expect peak cnr to increase with decreasing TEr, also independent of F/#. yet, the relative cnr performance of each sequence appears to depend on push F/#. Insight into this relationship can be gleaned by analysis of the variance of this displacement. Fig. 6 presents the variance of displacements outside of the lesion ( ).
When push F/# is lowest, the conventional scheme has the highest variance among the 3 schemes; this relationship shifts as push F/# increases. an explanation for this phenomenon rests in the fact that tracking noise, or "jitter," increases as push F/# decreases, due to the increase in lateral shearing within tracking beams [31] . Parallel and multi-time acquisition, with tracking beams outside of the excitation region, are less affected by this shearing-induced jitter. conventional acquisition, on the other hand, is very sensitive to this trade-off, as evidenced by the substantial increase in s o 2 and subsequent relative decrease in cnr when the push F/# is 1.0.
There is room for continued improvement in the arFI acquisition sequences examined in this study. advances in scanner hardware will allow for the reception of more than 4 beams simultaneously. In the case of multiplexed acquisition, iterations of this basic technique are also possible. For instance, instead of tracking the response of a location until the peak displacement is achieved, it is also possible to transmit 2 consecutive arFI excitations, each half the distance of the lateral FoV apart, and then multiplex the tracking between these 2 locations (e.g., in the case of 8 lateral locations, the beam transmit order would be: r [1] , P [1] , r [5] , P [5] , T [1] , T [5] , T [1] , T [5] , and so forth). This configuration would sample the dynamic response during the relaxation phase (and not just during the period up until peak displacement), but at the expense of decreasing the effective sampling of the earlier portion of the response by a factor of 2, which could render peak displacement estimation difficult. additionally, it is also feasible to multiplex among more than 2 zones in the FoV (e.g., split the FoV into 3 equal regions and multiplex among them). such an approach was recently implemented by Hsu et al. with encouraging success [14] . In regard to multi-time acquisition, it might be possible to first track the innermost beams of an 8-beam cluster and then track the outermost beams, as opposed to tracking the left-most and then right-most beam clusters (e.g., T [3:6] , T [1, 2, 7, 8] instead of T [1:4] , T [5:8] ). since the multi-time technique relies on shear wave propagation to achieve displacement at the outermost beam locations, sampling these locations later in time might be more effective. Table II shows that the MMP sequence reduced frame acquisition time by a factor of 12.4, to 36 ms, when compared with the conventional scheme, allowing a frame rate of over 27 fps. If fewer lateral locations were tracked (e.g., narrower FoV) or the recovery time of the material were lower, an even higher frame rate would be possible. It is important to note that although the MMP sequence is predicted to deliver up to a 4n-fold (16-fold, for our 4:1 parallel-receive configuration) reduction in frame acquisition time, this is an upper limit and is fully realized only when the number of track pulses is much greater than the number of reference and push pulses, which was not true in our case. despite theoretical frame rates that would allow for real-time imaging, transducer face heating likely limits these rates from currently being realized. Face heating was not measured for all 6 acquisition schemes (in an effort to minimize the risk of damaging the transducer), but the results from the MMP sequence, which one would assume to be the most thermally optimized with its high TEr, indicate that it is likely the dominant thermal concern, whereas tissue heating is of secondary importance, assuming reasonable frame rates and pulse intensities are employed. Temperature increases at the transducer face are primarily due to absorption of acoustic energy by the lens and inefficiencies in the piezoelectric elements and backing material [32] . seeing that transducer face heating appears to be the most problematic thermal issue, it will likely be necessary to continue optimization of transducers for arFI imaging to further mitigate heating concerns. although continued reduction in the number or intensity of arFI excitations in addition to the use of a modest frame rate would allow for the acquisition of repeated arFI frames, further optimization of a transducer for arFI imaging might be the most effective option.
B. Frame Rate and Thermal Evaluation
With comparable frame rates and FoVs, sequences having the same TEr (and thus equal transmit power per frame) converged to the same peak tissue heating value, which occurred at the focus, if enough time was allowed for adequate thermal diffusion [as evidenced by Fig. 9(a) ]. Early in the acquisition period, however, near-field heating tended to dominate if there was sufficient beam overlap, which was the case with the lower (1:1 and 4:1) TEr schemes. When near-field heating dominates, heating at a specific point in the near field is significantly influenced by multiple, laterally adjacent arFI excitations [11] . as the time between consecutive arFI pulses decreases (i.e., as frame acquisition time decreases, as is the case with the multiplexed schemes), near-field tissue, which is heated by multiple, spatially overlapping, yet temporally offset, arFI excitations, is given less time to cool between these successive excitations. Thus, this cumulative effect causes the overall peak temperature increase to be higher for these sequences (multiplexed and multiplexed parallel) when compared with their non-multiplexed pairs (conventional and parallel, respectively) early in the acquisition period.
as noted by Fahey et al. in their FEM thermal modeling of arFI imaging, the effect of global perfusion must be taken into account when attempting to model heating trends over extended periods of time; perfusion effects were not incorporated into the thermal model presented in this paper [11] . Physiologic motion was also not taken into account. neglecting these 2 effects, perfusion and physiologic motion, tends to support the notion that the simulated tissue heating results presented herein are likely an overestimation of the actual heating that would be encountered in vivo.
To further decrease tissue heating, it might be possible to alternate arFI excitation locations in the MMP acquisition scheme. For even frames, one could center pushing pulses between the previously defined 4-beam clusters (e.g., beams T[1:4], T [5:8] , and so forth); for odd frames, one could shift these pushing pulses by 2 beam locations (e.g., now centering them between beams T[3:6], T [7:10] , and so forth). although 2 tracking locations would be lost from both ends of the FoV, alternating the location of the arFI excitation would serve to further spread out the distribution of transmitted energy, which should reduce peak tissue heating.
VI. conclusions
Incorporating novel beam sequencing (multiplexed and multi-time techniques) and parallel-receive beamforming into arFI imaging can effectively reduce frame acquisition time by more than 12-fold, with little reduction in image quality. additionally, these techniques also tend to mitigate issues with internal tissue heating, as evidenced by the 84% reduction in peak tissue heating observed with the MMP scheme compared with that observed with the conventional scheme. In light of these heating reductions, it appears that the primary thermal concern lies with transducer face heating, which can exceed a 5°c increase at modest frame rates (5 fps) in 8 s with the thermally optimized MMP acquisition sequence. yet, despite this challenge, the order-of-magnitude reductions in frame acquisition time and tissue heating achieved with these acquisition schemes promise to bolster arFI imaging's potential as a real-time imaging technique. continued work on arFI acquisition sequencing in conjunction with technological advances in on-board processing and transducer thermal management should help facilitate arFI imaging into becoming a viable, real-time option for elasticity imaging of dynamic biological systems.
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